Intra-spindle Microtubule Assembly Regulates Clustering of Microtubule-Organizing Centers during Early Mouse Development  by Watanabe, Sadanori et al.
ReportIntra-spindle Microtubule Assembly Regulates
Clustering of Microtubule-Organizing Centers
during Early Mouse DevelopmentGraphical AbstractHighlightsd An augmin knockout (KO) mouse is used to examine
microtubule nucleation
d Augmin is essential for embryonic cell division during mouse
development
d Live imaging of synchronized embryos reveals augmin-
dependent clustering of MTOCs
d Intra-spindle MT assembly, but not augmin itself, is required
for MTOC clusteringWatanabe et al., 2016, Cell Reports 15, 54–60
April 5, 2016 ª2016 The Authors
http://dx.doi.org/10.1016/j.celrep.2016.02.087Authors
Sadanori Watanabe, Go Shioi,







nucleation is mediated by the augmin
complex. Watanabe et al. analyze an
augmin subunit knockout mouse and find
that, in the knockout embryo, intra-
spindle microtubules are reduced and
MTOCs are not properly clustered,
preventing bipolar spindle assembly.
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Errors during cell division in oocytes and early em-
bryos are linked to birth defects in mammals. Bipolar
spindle assembly in earlymouse embryos is unique in
that three ormore acentriolarmicrotubule-organizing
centers (MTOCs) are initially formed and are then
clustered into two spindle poles. Using a knockout
mouse and live imaging of spindles in embryos, we
demonstrate thatMTOC clustering during the blasto-
cyst stage requires augmin, a critical complex for
MT-dependent MT nucleation within the spindle.
Functional analyses in cultured cells with artificially
increased numbers of centrosomes indicate that the
lack of intra-spindle MT nucleation, but not loss of
augmin per se or overall reduction of spindle MTs, is
the cause of clustering failure. These data suggest
that onset of mitosis with three or more MTOCs is
turned into a typical bipolar division through aug-
min-dependent intra-spindle MT assembly.
INTRODUCTION
The mitotic spindle, a microtubule (MT)-based structure, is crit-
ical for equal chromosome segregation into two daughter cells.
In mammals, mechanisms of spindle MT generation and organi-
zation have been studied mostly in cell lines, which often have a
pair of centrosomes as the major MT generation sites and deter-
minants of spindle bipolarity (Reber and Hyman, 2015; Walczak
and Heald, 2008). However, spindle MTs are additionally nucle-
ated around chromosomes and from existing MTs. These MTs
also play a critical role in efficient spindle assembly, chromo-
some segregation, and cytokinesis. In contrast, the in vivo spin-
dle formation process in mammals has been less studied.
The mouse early embryo is a notable in vivo system, in which
an atypical mechanism is employed for spindle assembly (Clift
and Schuh, 2013; Courtois et al., 2012). In the first several divi-
sions after fertilization, centrioles/centrosomes are absent, and
instead three or more acentriolar MTOCs (MT organizing cen-
ters) are formed during the prophase. Upon nuclear envelope54 Cell Reports 15, 54–60, April 5, 2016 ª2016 The Authors
This is an open access article under the CC BY-NC-ND license (http://breakdown (NEBD), MTOCs dynamically change their positions
in the cell and are clustered to form two spindle poles. Thus, the
critical step toward spindle bipolarity establishment is MTOC
clustering during the prometaphase. However, its mechanism
has been poorly characterized. Since errors in chromosome
segregation and/or cell division during embryonic development
are directly linked to birth defects, it is important to understand
the mechanism underlying spindle formation at this particular
stage.
Augmin is a conserved, eight-subunit protein complex origi-
nally identified in Drosophila cells (Goshima et al., 2008). In every
animal and plant cell type studied so far, augmin is required for
MT-dependent MT nucleation (i.e., MT amplification) during
cell division (Du et al., 2011; Hayward et al., 2014; Lawo et al.,
2009; Meireles et al., 2009; Nakaoka et al., 2012; Petry et al.,
2011; Uehara et al., 2009; reviewed by Sa´nchez-Huertas and
L€uders, 2015). Augmin functions by localizing the g-tubulin ring
complex (g-TuRC), a potent MT nucleator, to the existing MT
(Goshima et al., 2007). A failure in intra-spindle MT amplification
results in the formation of an insufficient number of kinetochore
MTs or anaphase central spindle MTs (Uehara and Goshima,
2010; Uehara et al., 2009). Here, we examine the physiological
function of augmin during mammalian development using an
augmin-deficient mouse by knocking out a core subunit of
augmin, HAUS6 (also called Aug6/Dgt6/FAM29A).RESULTS
HAUS6 Is Essential for Early Embryonic Cell Division
We disrupted the gene encoding the HAUS6 subunit of murine
augmin (Figures S1A–S1C). Heterozygous deficient mice
(Haus6+/) were born healthy and fertile. However, all homozy-
gous-deficient mice (Haus6/; hereafter called KO mice) from
the Haus6+/ intercrossing died before birth. The knockout
(KO) embryos were identified during embryonic day 2.5 (E2.5),
but not at post-implantation stages, suggesting that the devel-
opment of KO mice was affected at early stages (Table 1).
During the blastocyst stage, KO embryos were often disorga-
nized, in whichmitotic defects were frequently observed (Figures
1A–1C). Spindle-localized g-tubulin was reduced, consistent
with the RNAi phenotype in mouse cell lines (Figures 1C, insets,creativecommons.org/licenses/by-nc-nd/4.0/).
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E2.5 72 20 35 17and S1D–S1G). In addition, strong g-tubulin punctate signals
were scattered within the spindle (Figure 1C). These abnormal
spindles were observed in KO embryos from 16–32-cell stage,
during which centrioles/centrosomes were not yet formed (Fig-
ures S2A and S2B) (Courtois et al., 2012). Thus, the abnormal
spindle phenotype in Haus6 KO appeared before the centro-
some formation. We also immunostained the embryos for
HAUS6 and observed the signals along spindle MTs (Figures
1D, S1D, and S1E). We concluded that HAUS6, localized at the
spindle, is essential for proper spindle formation during early
embryonic development.
MTOC Clustering in Early Embryonic Cell Division
Requires Augmin
We next crossed the Haus6+/ mouse with a reporter mouse
expressing GFP-tubulin (R26-GFP-Tuba) and performed live
imaging of cell division of their intercrossed embryos (Fig-
ure 2A). In control embryos (Haus6+/+ and Haus6+/), multiple
acentriolar MTOCs appeared (Courtois et al., 2012), and, in
roughly half of the cases (47%, n = 30), they first assembled
recognizable multipolar spindles and followed bipolar con-
version during the prometaphase (Figure 2B; Movie S1). In
contrast, in 27 out of 30 KO embryos, although multiple
MTOCs appeared at a normal time, their clustering was incom-
plete and/or delayed for a long period of time (>60 min) (Figures
2C and S2C; Movie S2). Non-clustered MTOCs were dynami-
cally positioned at various sites within the spindle (Figures 2C
and 2D). The cells in KO embryos eventually delayed the
anaphase onset (Figure 2E) and often entered into anaphase
with non-clustered MTOCs (Figure 2D; Movie S2).
Live Imaging of Synchronized Mitotic MT Regrowth in
Mouse Embryos
Because of the heterogeneity of the spindle formation process,
we could not determine whether spindle MT generation was
reduced in KO mice, a commonly observed phenotype associ-
ated with augmin depletion (Goshima et al., 2008; Nakaoka
et al., 2012; Uehara et al., 2009; Wainman et al., 2009). To enable
to analyze a large number of spindle images in the same focal
plane, we developed a mitotic synchronization assay, involving
MT depolymerization and regrowth (Figure 3A; Movie S3; Sup-
plemental Experimental Procedures). Upon MT regrowth in the
control embryo, multiple MTOCs emerged immediately (Figures
3B and 3C, 3 min). The MT intensity gradually increased and
multipolar spindles were then predominantly formed (11 min).
However, MTOCs were clustered and those spindles were con-
verted to bipolar spindles (Figure 3B, 31 min). Bipolar spindleswere successfully formed within 1 hr after MT regrowth in 29
out of 34 spindles, all of which progressed into the anaphase
(Figure 3D). Further analysis of the bipolar conversion process
indicated that multipolar spindles were frequently (46% of the
observed spindles; n = 37) composed of multiple ‘‘mini-bipolar
spindles’’ that were interconnected at one pole (Figure 3C,
21 min and schematic illustration). The MTOC-MTOC coales-
cence of these multiple mini-spindles was accompanied by the
extension of mini-spindles (Figure 3C, 21–33 min and Movie
S3, arrows). Extension and subsequent clustering were sup-
pressed when the kinesin-5 (Eg5) inhibitor, monastrol, was
added during spindle assembly (Figure S3A), suggesting that ki-
nesin-5-dependent outward sliding of anti-parallel MTs provides
a mechanism to ensure MTOC clustering.
After MT regrowth of KO embryos, we observed synchronous
emergence of multiple MTOCs just like in control embryos,
consistent with the notion that augmin is not required for
MTOC formation (Figures 3E and 3F, 3 min and Movie S4). How-
ever, those MTOCs were not completely clustered (Figures 3D–
3F). The defect was observed independent of GFP-tubulin
expression (Figures S3B and S3C). Importantly, we could quan-
tify the spindle MT intensity in the live synchronization assay.
GFP-tubulin intensity in the spindle area was significantly
reduced in KO cells compared to control cells (Figure 3G). We
concluded that murine HAUS6 is required for intra-spindle MT
assembly in early embryos.
Augmin-DependentMTOCClustering in the In Vitro Cell-
Culture Model
To further explore the mechanisms underlying MTOC clus-
tering, we aimed to introduce a cell line model to study the pro-
cess. We tested whether the spindle assembly process of an
acentriolar cell line could mimic that of embryonic cells.
Following methods previously described in Wong et al.
(2015), we established a HeLa cell line lacking centrioles after
continuous treatment with centrinone, an inhibitor of Plk4 (Kley-
lein-Sohn et al., 2007). However, we could not observe clear
g-tubulin or MTOC foci during spindle assembly with immuno-
fluorescence microscopy or live GFP-tubulin imaging, respec-
tively (Figures S4A and S4B). We interpreted that acentriolar
division in the centrinone-treated cell line does not well mimic
that in mouse embryos.
We reasoned that formation of a bipolar spindle from multi-
ple MTOCs during early development may be more similar to
the spindle formation pattern in cancer cells and hepatocytes,
in which multiple (three or more) centrosomes are clustered to
form a bipolar spindle (Guidotti et al., 2003; Quintyne et al.,
2005). Indeed, previous studies have linked augmin with multi-
polar spindle formation in tissue culture cells that have two or
more centrosomes (Kleylein-Sohn et al., 2012; Lawo et al.,
2009; Leber et al., 2010). However, the mechanism and timing
of the induction of multipolarity remain unclear, which could
be due to acentrosomal pole formation and centrosome/peri-
centriolar material (PCM) fragmentation (Kleylein-Sohn et al.,
2012; Lawo et al., 2009; Leber et al., 2010) or might involve
alternative mechanisms such as suppression of MTOC clus-
tering. To gain insights into the mechanism, we artificially
induced extra centrosomes in cells by ectopic expression ofCell Reports 15, 54–60, April 5, 2016 55
Figure 1. Loss of HAUS6 Impairs Cell Divi-
sion in Early Development
(A and B) Haus6+/+, Haus6+/, and Haus6/
embryos were collected at E2.5 and cultured for
44 hr. Phase contrast (A) and fluorescence images
(B) were acquired after the embryos were stained
for DNA by 1 mM Syto11. Scale bar, 20 mm.
(C) Loss of HAUS6 induces spindle defects.
Embryos were collected at E2.5 and cultured for
48 hr. Scale bar, 10 mm. The graph shows the ratios
of spindles with scattered g-tubulin signals in
Haus6+/+ or Haus6+/, and Haus6/ embryos
(n = 10 and 43 spindles from eight and ten
embryos, respectively).
(D) Immunostaining of HAUS6 in early embryos.
Scale bar, 10 mm.the Plk4 kinase and performed live imaging of the MTOC clus-
tering process in the presence or absence of augmin. In 79%
of control cells that initially formed multipolar spindles, three
or more MTOCs were clustered to form bipolar spindles (Fig-
ure 4A, 12–48 min; Movie S5) (23 ± 13 min after NEBD; n = 11)
(Kwon et al., 2008). In contrast, MTOC clustering was dramat-
ically inhibited when HAUS6 was depleted by RNAi (41 of 46
cells; Figures 4B, 4C, S4C, and S4D; Movie S6). In HAUS6
RNAi cells, we also observed splitting of MTOCs (arrows in
Figure 4B, 36–48 min). However, these occurred after a long
arrest (149 ± 97 min after NEBD; n = 13). A similar clustering
defect was observed during multi-centrosomal mitosis that
was induced by blocking cytokinesis in the preceding mitosis
(Figure S4E). These data indicate that MTOC clustering error is
the primary defect after augmin depletion, as observed in
mouse embryos.
We next inhibited kinesin-5 using monastrol in synchronized
HeLa cells that overexpressed Plk4 and were depleted of
KIF15, a kinesin that redundantly functions with kinesin-5 in56 Cell Reports 15, 54–60, April 5, 2016this cell line (Tanenbaum et al., 2009; Van-
neste et al., 2009). Upon addition of mon-
astrol, a similar phenotype to the embryos
was observed; multipolar structures were
shrunk, during which the MTOCs failed to
cluster (Figure S4F). These results indi-
cate that MTOC clustering requires aug-
min and kinesin-5 in our in vitro cell model
as well as in embryos, further suggesting
similarity between the two systems.
Specific Suppression of Intra-
spindle Nucleation Leads to MTOC
Clustering Failure
The lack of MTOC/centrosome clus-
tering observed in the absence of augmin
might be due to failure in MT nucleation
within the spindle or in other mecha-
nisms controlled by augmin such as MT
bundling/crosslinking (Hsia et al., 2014;
Kamasaki et al., 2013). To distinguish
these two possibilities, we suppressedintra-spindle MT nucleation by another means, in which the aug-
min complex was kept intact. The NEDD1 (also called GCP-WD)
component of g-TuRC interacts with augmin when its Ser 411
residue gets phosphorylated (L€uders et al., 2006; Uehara et al.,
2009). The S411A mutation in NEDD1 does not affect centroso-
mal localization of g-TuRC but perturbs its binding to augmin,
thereby specifically suppressing the MT-dependent MT nucle-
ation inside the spindle (L€uders et al., 2006; Uehara et al., 2009).
As expected, NEDD1 impaired the assembly of both centroso-
mal and intra-spindle MTs in our cell line (Figures S4C and S4G).
Given that a high degree of depletion of NEDD1 induces monop-
olar spindle formation (Haren et al., 2006), RNAi likely partially
depleted NEDD1 in our study. Nevertheless, the expression of
the NEDD1 [S411A] mutant restored MT assembly at centro-
somes, whereas the intra-spindle MTs were sparse as observed
in the HAUS6-depeleted cells (Figure S4G). We then expressed
the NEDD1 [S411A] mutant together with Plk4 in NEDD1-
depleted cells and observed that MTOC clustering was severely
impaired (Figures 4D and 4F;Movie S7; 8 out of 12 spindles failed
Figure 2. Augmin Is Required for MTOC
Clustering in Early Embryonic Cell Division
(A) Schematic illustration of experiments pre-
sented in Figures 2B–2D.
(B and C) Live-imaging analysis of embryonic
cell division in Haus6+/+ and Haus6/ embryos.
Z-projected images of confocal sections show
MTs (GFP-tubulin). Arrowheads indicate MTOCs.
Multiple MTOCs were clustered in an Haus6+/+
embryo, whereas clustering was impaired in
Haus6/ embryos (E2.5 embryos were cultured
for 24 or 29 hr). Time 0, NEBD. Bars, 10 mm.
(D) Relative distance between an MTOC and a
spindle pole measured by tracking MTOCs in
Haus6+/+ and Haus6/ embryos and plotted
against time before the anaphase onset. Distance
at each time point was divided by the distance at
the onset of observation.
(E) Duration from NEBD to the anaphase onset
in Haus6+/ and Haus6/ embryos (n = 11 and
9 cells from four embryos, respectively).Mean±SD
are presented. p < 0.001 (Mann-Whitney U test).to form bipolar spindles). This result is consistent with the idea
that intra-spindle nucleation is required for MTOC clustering.
Interestingly, in a control sample in which Plk4 alone was
expressed andNEDD1 small interfering RNA (siRNA) was treated
for 48 hr, bipolar spindles were predominantly observed,
although multiple MTOCs were detected and MT generation
was severely suppressed during early prometaphase (Figures
4E and 4F; Movie S8; 15 out of 18 spindles formed bipolar spin-
dles). An interpretation of this phenotype was that attenuation of
centrosomal MT nucleation suppressed the MTOC clustering
defect caused by inhibition of intra-spindle nucleation. Consis-
tent with this interpretation, when NEDD1 was co-depleted
with HAUS6, the failure in MTOC clustering was not frequently
observed (Figures S4C and S4H; 15 out of 17 spindles formed bi-
polar spindle). We also introduced another means to globally
inhibit MT nucleation; multi-centrosomal HeLa cells were treated
with a g-tubulin-specific inhibitor, gatastatin (Chinen et al., 2015).
We observed a profound decrease in MT intensity, as well as
bipolar spindle formation following MTOC clustering in 13 of 20
cells, which phenocopied NEDD1 RNAi, but not HAUS6 RNAi
or the NEDD1 [S411A] mutant (Figure S4I).These results together support the
notion that global (but partial) inhibition
of MT generation does not perturb
MTOC clustering and suggest that the
specific reduction of intra-spindle MT
assembly causesMTOCclustering failure.
DISCUSSION
We showed that loss of augmin in mice
results in lethality during early develop-
ment, which is different from zebrafish
(the mutant fails hematopoiesis; Du et al.,
2011), fruit fly (the mutant is viable and fe-
male sterile; Meireles et al., 2009; Wain-man et al., 2009), and filamentous fungus (the disruptant is viable;
Edzuka et al., 2014). KO embryos reduced the amount of spindle
MTs by 50% and presented a striking phenotype, a defect in
MTOC clustering. This phenotype is different from that observed
for g-TuRC at similar developmental stages in mice. The amount
of MTs is more severely reduced in the absence of g-tubulin,
but, interestingly, monopolar and bipolar spindles are predomi-
nantly observed (Yuba-Kubo et al., 2005). Similarly, in mouse
oocytes in which multiple acentriolar MTOCs are formed prior to
spindle assembly, NEDD1 RNAi does not affect MTOC clustering
despite the reduction of spindle MTs by 60% (Ma et al., 2010). In
contrast, a MTOC clustering failure has been observed during
female meiosis lacking hepatoma upregulated protein (HURP), a
MT-associated protein that mediates chromatin-proximal, intra-
spindle MT generation (Breuer et al., 2010). These data, together
with our results obtained in the in vitro model, suggest that the
MTOC clustering defect in the absence of augmin is not a conse-
quence of global MT reduction, but a specific reduction in intra-
spindle MTs (Figure 4G).
Lack of intra-spindle MTs might lead to imbalances in the
forces applied to the spindle, which could hinder bipolarCell Reports 15, 54–60, April 5, 2016 57
Figure 3. Live-Imaging Analysis of Spindle
MT Regrowth in Mitotically Synchronized
Embryos
(A) Schematic illustration of synchronized spindle
MT regrowth assay in mouse embryos.
(B–F) Spindle MT regrowth in synchronized em-
bryos. Images were taken every 2 min. Z-projected
images of confocal sections are shown. Scale bar,
10 mm.
(B and C) A Haus6+/ embryo. Time indicates hours
and minutes after washing out the cold medium. (B)
Regrowth of spindle MTs from multiple MTOCs.
Arrowheads and asterisks indicate MTOCs and
bipolar spindles, respectively. Note that multiple
spindles are layered in some places in these
Z-projected images. (C) An example of MTOC
clustering and bipolar spindle formation. Clustering
of MTOCs proceeds along with the extension of the
mini-spindles, as illustrated on the right (black dots
indicate MTOCs).
(D) Analysis of bipolar formation and MTOC
clustering during synchronized cell division.
Spindle formation patterns in Haus6+/ and
Haus6/ embryos observed within 1 hr (n = 34
and 28 cells from two and four embryos,
respectively) were categorized into three classes:
bipolar spindles with focused MTOCs (class 1),
spindles with non-clustered MTOCs (class 2), or
unclear (class 3).
(E and F) A Haus6/ embryo. Time indicates hours
and minutes after washing out the cold medium.
Arrows indicate MTOCs.
(G) Quantification of the intensity of spindle MTs in
embryonic cell division. The Z-projected images of
cells in Haus6+/ and Haus6/ embryos (n = 13
and ten cells from four embryos, respectively) taken
15 min after MT regrowth were used for analysis.
Data are represented as mean ± SD p < 0.001
(Mann-Whitney U test).establishment (Lawo et al., 2009). In the absence of intra-spin-
dle nucleation, longer MTs are generated from centrosomes,
perhaps because more free tubulins are available for cen-
trosomal MTs (Goshima and Kimura, 2010; Goshima et al.,
2008). Overly developed centrosomal MTs might repel the
centrosomes from each other, which prevent clustering.
Thus, MTs generated within the spindle may function to buffer
the effect of centrosomal MTs and further provide the site
of actions for the motors, such as kinesin-5, to slide apart
or crosslink adjacent MTs. Consistent with this notion,
recent studies have traced the minus ends of intra-spindle
MTs and have identified kinesin-5 and other motors (kinesin-
14 and dynein) as contributing to the transport of these58 Cell Reports 15, 54–60, April 5, 2016MTs toward spindle poles in mamma-
lian and fly somatic cells (Ito and
Goshima, 2015; Lecland and L€uders,
2014).
Finally, the floxed and KO mice gener-
ated in this study could be a useful
resource to assess the contribution of
augmin in various tissues at later stagesof development. An interesting target would be neurons, since
a recent report suggests a possible involvement of augmin in




All animal care and use in experiments were conducted with the approval of
the Animal Care Committee of Nagoya University and RIKEN Center for Devel-
opmental Biology (CDB) in accordance with the Fundamental Academic
Research Instructions in Japan and the US NIH Guide for the Care and Use
of Laboratory Animals. Other information is available in Supplemental Experi-
mental Procedures.
Figure 4. Suppression of Intra-spindle
Nucleation Causes MTOCClustering Failure
in Tissue Culture Cells
Live-imaging analysis of GFP-tubulin in HeLa cells
with multiple MTOCs.
(A, B, and E) Cells were transfected with each
siRNA and Flag-PLK4, and the cells were imaged
after 48–72 hr of RNAi. Z-projected images of
confocal sections show MTs. Arrowheads and
arrows indicate MTOCs and fragmented MTOCs,
respectively.
(C) The graph shows the ratios of spindles that
completed bipolar MTOC clustering in control and
HAUS6 RNAi cells (n = 42 and 46, respectively).
(D) Cells expressing Flag-PLK4, GFP-tubulin
(gray), and mCherry-NEDD1 [S411A] mutant (data
not shown) following NEDD1 RNAi. Time indicates
hours and minutes after NEBD. Scale bar, 10 mm.
(F) The graph shows the ratios of spindles that
completed bipolar MTOC clustering in NEDD1
RNAi cells or NEDD1 RNAi cells expressing
mCherry-NEDD1 [S411A] (n = 18 and 12, respec-
tively).
(G) Model for clustering of multiple MTOCs. During
mitosis with three or more MTOCs, as observed in
mouse early embryos or cancer cells, each MTOC
serves as the potent MT generation site during
spindle assembly. In addition, spindleMTs are also
generated via augmin- and MT-dependent MT
nucleation within the spindle (orange and yellow)
(bottom left). A proper balance of these two path-
ways leads to MTOC clustering during the prom-
etaphase, perhaps via the balanced recruitment of
MT crosslinking/sliding motor proteins (Ito and
Goshima, 2015; Lawo et al., 2009; Lecland and
L€uders, 2014). (top) In contrast, if the augmin
pathway is specifically perturbed by augmin
depletion or by inhibiting augmin-g-TuRC interac-
tion, MTs are excessively polymerized from
MTOCs, and this imbalance causes MTOC clus-
tering errors. Consistent with this model, simulta-
neous attenuation of the MTOC- and augmin-
based MT nucleation pathways or global (but
partial) inhibition of MT generation did not signifi-
cantly affect MTOC clustering (bottom right).SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, two tables, and eight movies and can be found with this article
online at http://dx.doi.org/10.1016/j.celrep.2016.02.087.
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